Background: The 2000 Centers for Disease Control and Prevention (CDC) growth charts included lambda-mu-sigma (LMS) parameters intended to calculate smoothed percentiles from only the 3rd to the 97th percentile. Objective: The objective was to evaluate different approaches to describing more extreme values of body mass index (BMI)-for-age by using simple functions of the CDC growth charts. Design: Empirical data for the 99th and the 1st percentiles of BMI-for-age were calculated from the data set used to construct the growth charts and were compared with estimates extrapolated from the CDC-supplied LMS parameters and to various functions of other smoothed percentiles. A set of reestimated LMS parameters that incorporated a smoothed 99th percentile were also evaluated. Results: Extreme percentiles extrapolated from the CDC-supplied LMS parameters did not match well to the empirical data for the 99th percentile. A better fit to the empirical data was obtained by using 120% of the smoothed 95th percentile. The empirical first percentile was reasonably well approximated by extrapolations from the LMS values. The reestimated LMS parameters had several drawbacks and no clear advantages. Conclusions: Several approximations can be used to describe extreme high values of BMI-for-age with the use of the CDC growth charts. Extrapolation from the CDC-supplied LMS parameters does not provide a good fit to the empirical 99th percentile values. Simple approximations to high values as percentages of the existing smoothed percentiles have some practical advantages over imputation of very high percentiles. The expression of high BMI values as a percentage of the 95th percentile can provide a flexible approach to describing and tracking heavier children.
INTRODUCTION
In 2000, the Centers for Disease Control and Prevention (CDC) released a set of reference growth charts for the United States (1-3), based primarily on data from the 1960s and 1970s from the National Health and Nutrition Examination Survey (NHANES) and the National Health Examination Survey (NHES). Each of the CDC growth charts included 9 selected smoothed percentiles: the 3rd, 5th, 10th 25th, 50th, 75th, 90th, 95th, and 97th percentiles. The body mass index (BMI; weight in kg/height squared in m) for age charts also included the 85th percentile. Smoothing methods for the selected percentiles included both parametric and nonparametric methods (4) . After smoothing, age-specific lambda-mu-sigma (LMS) parameters were estimated to provide a normalizing Box-Cox transformation (3) to reproduce the selected smoothed percentiles and allow for calculation of other percentiles between the third and 97th percentiles.
At each age or length/stature interval, a group of 9 equations (10 for BMI charts) was generated by specifying the LMS transformation equations for the previously smoothed percentiles. A simultaneous solution for the 3 parameters of L, M, and S from the group of specified equations was generated as the best solution to a system of equations rather than as likelihood-based estimates from empirical data. As noted in the technical report (4) "Percentiles less than the 3rd or greater than the 97th are beyond the range of the data from which the LMS parameters were calculated. As in any statistical procedure, extrapolation beyond the range of the data should be done with caution."
The CDC parameters for the normalizing Box-Cox transformation use the same designation as the LMS parameters calculated using Cole's "LMS method" (5, 6) . However, the method used to arrive at the CDC LMS parameters was different from Cole's method (5, 6) . The CDC LMS parameters are not derived directly from the underlying data, but rather only from the values of the 10 selected previously smoothed percentiles. Also in the CDC approach, the LMS method was not used to create smoothed percentiles. Instead the percentiles were smoothed by using other methods, and the LMS parameters were selected to match the already smoothed percentiles. The designation of the CDC procedure as a "modified LMS procedure" has resulted in some misunderstanding of the differences between the derivation of the parameters for the CDC growth charts and Cole's LMS method.
At the time that the 2000 CDC growth charts were created, the use of the CDC LMS parameters to calculate more extreme values was not assessed by the CDC Growth Chart Working Group (4). Since the release of the 2000 CDC growth charts, additional interest has arisen in identifying more extreme BMI values, particularly high values. Despite the cautions in the CDC technical report about extrapolating beyond the range of the 97th percentile, several publications have used or recommended an extrapolated "99th percentile" of BMI-for-age calculated from the CDC-supplied LMS parameters (7) (8) (9) (10) (11) (12) (13) or even higher percentiles (13) (14) (15) .
The objective of this report was to evaluate ways in which the existing CDC BMI-for-age growth charts can be used to quantify both high-and low-extreme BMI values beyond the range of the 10 selected smoothed percentiles.
METHODS
We used the data set of measured weight and height values from 5 national surveys for children and adolescents aged 2 through 20 y of age that was used to construct the 2000 CDC sexspecific BMI-for-age growth charts (4) . Age was categorized into 6-mo intervals, and sex-specific empirical first and 99th percentile BMI values were calculated for each age group, as were empirical values for the 3rd, 5th, 95th, and 97th percentiles for comparative purposes.
We used the CDC-supplied LMS values to calculate extrapolated "1st" and "99th" percentile values. We compared these extrapolated LMS-calculated values with the empirical values for the 1st and 99th percentiles. In addition, we re-estimated a complete set of new LMS parameters, using the CDC approach described above, which incorporated a smoothed version of the 99th percentile as part of the estimation procedure.
We also investigated several functions of the previously smoothed 3rd, 5th, 95 th , and 97th percentiles as possible alternatives that could be used to approximate the empirical values of the more extreme percentiles (1st and 99th percentiles). For these comparisons, values of these functions were averaged over the point estimates of empirical and calculated values for 6-mo age groups, giving each 6-mo age group equal weight. Thus, these comparisons are not intended as population estimates. The purpose of these investigations was to find a simple function or functions of the existing smoothed percentiles that would provide an approximation to the empirical 1st and 99th percentile data. These functions were evaluated in terms of practical considerations. Desirable properties for a function were that it be similar between boys and girls, have relatively low variability, and have similar mean and median values, indicating a relative lack of skewness.
We evaluated 3 different approaches to constructing functions of the existing percentiles that could be used to approximate the empirical 99th percentile values. One approach would be to approximate the empirical 99th percentile values by adding a constant value to an existing smoothed percentile. To evaluate this approach, we calculated the sex-specific mean BMI difference over age groups between the empirical 99th percentile values and the smoothed 97th percentile values. Another approach would be to approximate the empirical 99th percentile values by multiplying an existing smoothed percentile by a constant percentage. To evaluate this approach, we calculated the sex-specific mean ratio of the empirical 99th percentile values to the smoothed 97th percentile values over the age groups. Yet another possibility would be to use some multiple of the distance between the smoothed 97th and 95th percentiles to approximate the distance between the empirical 99th percentile and the smoothed 97th percentile at the same age. To evaluate this approach, we calculated the sex-specific mean ratio of these 2 distances over the age groups. The calculations for each of the 3 approaches were repeated with the 95th and 90th percentiles in place of the 97th and 95th percentiles. Corresponding calculations were carried out for the empirical first percentile values relative to the smoothed third and fifth percentiles.
Prevalence of extreme BMI-for-age by using different approximations
To examine the effect of different approximations on estimates of the prevalence of extreme BMI-for-age for children and adolescents, we used data from NHANES 1999-2006. These data have been described in detail elsewhere (16) (17) (18) . The data set included all examined children and adolescents aged 2 through 19 y of age. Pregnant girls were excluded. BMI was rounded to one decimal place. We estimated the prevalence of extreme BMI-forage using month-specific values of several different approximations to the first and 99th percentiles.
Statistical methods
Analyses were conducted with PC-SAS (version 9.1; SAS Institute, Cary, NC) and SUDAAN (version 9.03; Research Triangle Institute, NC). Except as noted for the averages over 6-mo age groups, analyses used sample weights and took into account the clustering and the sample design of the surveys. For prevalence estimates, statistical comparisons between estimates for boys and girls were made by using a 2-sample t test with statistical significance set at a P value of 0.0125 to account for multiple comparisons.
RESULTS

Extreme percentiles extrapolated from the CDC-supplied LMS values
For boys, the extrapolated LMS-calculated values and the empirical 99th percentile BMI values are shown in the left panel of Figure 1 ; the smoothed and empirical BMI values for the FIGURE 1. Comparison of empirical to calculated 95th and extrapolated 99th BMI-for-age percentile data (left panel) and comparison of empirical 99th BMI-for-age percentile data to 120% of the 95th BMI-for-age percentile (right panel) in boys. LMS, lambda-mu-sigma parameters. 95th percentile are included in the figure for comparison. The data points in the figure are 6-mo averages. Similar results for girls are shown in the left panel of Figure 2 . For both boys and girls, the empirical data points for the 99th percentile are more variable than the empirical data points for the 95th percentile, due in part to the sparseness of the data at the extremes as well as to the skewness and kurtosis of the distributions. As can be seen from these figures, the smoothed 95th percentile corresponds reasonably well to the empirical 95th percentile data, but the values extrapolated from the LMS parameters do not correspond well to the empirical data for the 99th percentile. For boys, the extrapolated LMS-calculated values tend to lie below the empirical 99th percentile values at younger ages and above at older ages. For girls, the differences are yet more extreme and at older ages the extrapolated LMS-calculated values tend to lie well above the empirical data, sometimes by 4 or 5 BMI units or more.
For boys (left panel) and girls (right panel) similar data for the first percentile values extrapolated from the CDC LMS parameters are shown in Figure 3 , which includes the smoothed and empirical fifth percentile values for comparison. As expected, the smoothed fifth percentile provides a reasonably good fit to the data points. The fit of the extrapolated first percentile from the CDC LMS parameters to the data are less good, with the extrapolated first percentile from the CDC LMS parameters tending to lie above the empirical data for boys and for younger girls.
Functions of the existing 2000 CDC growth chart values
We evaluated several simple functions of the existing smoothed growth chart values as possible approximations to the empirical 99th percentile. Some desirable properties for such a function would be that it had relatively small variability over age groups and was similar between boys and girls. First, we calculated the difference between the empirical 99th percentile values and the smoothed 97th percentile values ( Table 1) . This difference had a high CV (SD/mean). We also calculated ratios of the empirical 99th percentile values to the smoothed 97th and smoothed 95th percentile data. The ratio of the empirical 99th percentile values to the smoothed 97th percentile data had a smaller CV (0.06 for both boys and girls) than the difference (0.48 for boys and 0.66 for girls). In addition the value of the ratio was similar between boys and girls. The ratio of the empirical 99th percentile values to the smoothed 95th percentile had similar properties. We also calculated the ratio of the distance between the smoothed 97th and the empirical 99th percentile to the distance between the 95th and 97th percentiles. This ratio was fairly variable and dissimilar between boys (3.14) and girls (2.50). We repeated the above calculations using the 90th percentile instead of the 95th percentile and obtained similar results.
The comparable results for the low end of the percentile range are shown in Table 2 . Differences between the first and third percentiles and first and fifth percentiles are shown along with the ratios corresponding to those done on the high end. These results paralleled the findings for the 99th percentile, with a percentage of the smoothed 3rd or 5th percentiles showing the smallest (0.03) CV.
These results suggest that for practical purposes, either 120% of the smoothed 95th percentile or 112% of the smoothed 97th percentile might serve as a rough approximation to the empirical 99th percentile of BMI-for-age. In addition, either 94% of the smoothed fifth percentile or 96% of the smoothed third percentile might serve as approximations to the empirical first percentile data. These ratios have the desirable property of differing little or not at all between boys and girls.
BMI differences between the empirical 99th percentile values and 4 possible approximations are shown in Table 3 : the extrapolated LMS-calculated values, 112% of the smoothed 97th percentile, 120% of the smoothed 95th percentile and a "99th percentile" calculated from the re-estimated LMS parameters. For boys, the average difference was relatively small for all approximations. The SD was higher for the LMS-calculated extrapolation than for the other approximations and the range of differences was wider. For girls, the average difference between the empirical percentile and the LMS-calculated extrapolation was fairly large (1.99 BMI units) compared with the mean difference of only 0.18 BMI units for the 120% approximation. As was the case for boys, the range of differences was wider for the LMS-calculated extrapolation than for the other approximations. Similar data for the empirical first percentile are also shown in Table 3 . For the first percentile, all approximations performed similarly and agreed fairly well with the empirical data. Thus, for the first percentile, extrapolation from the current CDCsupplied LMS parameters, although possibly inexact, may be adequate for most purposes.
A comparison between the empirical 99th percentile values and a 99th percentile value based on re-estimating the LMS values is shown in Table 3 . The re-estimated value did not agree with the empirical data as well as did the approximations based on the 95th or 97th percentile. In addition (data not shown), the re-estimated values changed the values of all the other smoothed percentiles, and, in most cases, particularly for girls, the reestimated percentiles agreed less well with the empirical data than did the original LMS values.
The right panels of Figure 1 (boys) and Figure 2 (girls) show the empirical data points for the 99th percentile and the approximation of 120% of the smoothed 95th percentile. As can be seen, the smoothed 95th percentile approximations provide a better, although not perfect, fit to the empirical data points than do the extrapolations from the CDC-supplied LMS parameters (shown in the left panel in both figures), particularly for girls.
Prevalence estimates
We used data from NHANES 1999-2004 to evaluate the effects of different approximations on the estimated prevalence of extremely high or extremely low BMI-for-age. It should be noted that none of these approximations are necessarily estimates of the true prevalences. The prevalence and SEs for BMI at or above the extrapolated LMS-calculated values, at or above 112% of the 97th percentile, at or above 120% of the 95th percentile, and at or above the values calculated from the re-estimated LMS parameters are shown in Table 4 . Overall, the prevalence of extremely high BMI was higher when based on 120% of the 95th percentile or on 112% of the 97th percentile. In both cases, it was higher than when based on the extrapolation from the LMS parameters, particularly for girls. For girls aged 2-19 y, the prevalence of an extremely high BMI was 2.7% based on the extrapolated LMS parameters, but 4.3% based on 120% of the 95th percentile. The difference was particularly pronounced for girls in the age group 12-19 y, in which the prevalence was more than doubled when the 120% of the 95th percentile definition was used than when the extrapolated LMS parameters were used (5.4% compared with 2.2%). Thus, these estimates are sensitive to the approximation used.
For the definition based on the extrapolated LMS parameters, the prevalence of a very high BMI was significantly greater in boys than in girls overall (P , 0.01) and within 12-19-y-olds (P , 0.01). For the definition based on 112% of the 97the percentile, the difference in prevalence between boys and girls was also significant overall (P , 0.01), but not within age groups. For the other 2 definitions, the difference was not statistically significant, and P values were . 0.05. Similar calculations were carried out for the prevalence of BMI-for-age values at or below the first percentile (data not shown). In this case, all estimates were similar, and differences were minimal.
DISCUSSION
The 2000 CDC growth charts, based on data from national samples of children who were measured from 1963 through 1994, include LMS parameters that allow for calculation of selected percentiles and interpolation between those percentiles. The Recently, several publications have used 99th percentile values of BMI-for-age that were extrapolated from the CDC-supplied LMS values (7) (8) (9) (10) (11) (12) (13) . A report from an expert committee convened by the American Medical Association included this 99th percentile as part of a treatment algorithm (13) . The 99th percentile value calculated by extrapolation from the CDC-supplied LMS parameters does not correspond well to the empirical data. In particular, for older girls, the extrapolated LMS-calculated values are on average 2 BMI units higher than the empirical 99th percentile values and exceed a BMI of 40 at ages 17 and older. This can affect comparisons between boys and girls, with girls perhaps misleadingly seeming to have a much lower prevalence of very high BMI than boys, as shown in Table 3 and elsewhere (12) .
A related problem was noted at the time the growth charts were released, when it became evident that the CDC LMS parameters could not be used to calculate appropriately high z scores for biologically implausible outliers resulting from data entry or measurement errors (19) . An alternative calculation based on SDs above and below the median values was recommended for the purpose of flagging implausible outliers. This problem was recently discussed elsewhere (20) .
The empirical 99th percentile values themselves are quite variable and are not necessarily an accurate estimate of the true 99th percentile. The CDC growth chart data set is too sparse to construct smoothed percentiles beyond the 97th percentile with adequate statistical reliability. Applying the same criteria to the 99th percentile that had been applied to the 97th percentile (21) showed that the sample size within age-sex groupings is not large enough to generate higher percentiles with adequate reliability. A much larger data set would be required to reliably estimate extreme values in the tails of the distribution.
The lack of data alone does not preclude the LMS values calculated from the 3rd to the 97th percentiles from providing reasonable approximations to the empirical values of higher percentiles. The fact that the extrapolated LMS-calculated values are not a good approximation to the empirical 99th percentile points to a different issue, the behavior of the data in the very extreme tails of the distribution. BMI data are not normally distributed. Although a Box-Cox transformation can be found to yield an approximately normal distribution, the transformed data are not necessarily perfectly normally distributed. In particular, the tails of the distribution may not correspond to those of a normal distribution even after an approximate transformation to normality. Modeling the behavior in the tails is more difficult than modeling the central part of the distribution and would require strong assumptions. More complex statistical modeling of the tails of the distribution of BMI-for-age using the present data could be done (22) , but it is limited by the sparseness of the data in the extremes of the distribution.
Given the lack of data and the difficulties in modeling extreme tails of the distributions, various approximations to extreme percentiles that can be constructed do not necessarily represent an accurate assessment of the growth chart distribution of BMI-forage at the extremes. The 99th percentile cannot be estimated with adequate reliability, and the empirical values are not necessarily correct estimates. The use of the LMS parameters to estimate the 99th percentile is an extrapolation beyond the range of the data from which they were calculated and does not appear to work well. The data are too sparse and the behavior of the data in the tails too variable to arrive at a reliable estimate of the 99th percentile.
For practical purposes, there may be little need for an estimate of the 99th percentile. When the CDC growth charts were released, the 3rd and 97th percentiles were recommended as ap-propriate cutoffs for extreme low or high BMI-for-age values for children. Adequate data were available to estimate these percentiles. We found that 120% of the smoothed 95th percentile of BMI-for-age was similar to the unsmoothed 99th percentile of the growth chart data set, but it should be realized that this was an approximation. This should not be considered as an exact estimate of the true 99th percentile or as a new definition of severe obesity. It may be most useful as a model for an approach to describing very high BMI values without the need to calculate exact percentiles. One of the reasons for interest in higher percentile values is to assess and track progress in extremely heavy children; for such purposes, a single 99th percentile value is not very useful. The BMI of very heavy children could be described as a percentage of the 95th percentile, without attempting to assign a precise percentile or z score to such values. For instance a child might move over time from 130% of the 95th percentile of BMI-for-age to 115% of the 95th percentile of BMI-for-age, which suggests improvement even though an exact percentile value or z score could not be readily assigned. It is not possible to assign values above the 97th percentile of BMI-for-age an exact place in the distribution of BMI-for-age in the growth chart data. In effect, there are upper and lower limits of detection, as is the case for many other types of variables (23, 24) . For example, laboratory values may be below the lower limit of detection for a laboratory method, scales have an upper weight limit, and questions about income or education levels have openended top categories. Thus, this is not an uncommon situation. If needed, some imputation procedure could be used to assign a percentile or z score to extremely high or low values of BMIfor-age. For example, in the construction of the World Health Organization charts, z scores for values above a z score of 3 were imputed (14) . However, with any imputation procedure, caution is advised, especially if such values make up .5% of the sample. Calculations of statistics such as means, SDs or regression coefficients can be affected by a large number of imputed high z scores (23, 24) . There is no easy or obvious way to deal with this, because the true values are unknown and any assignments are of necessity somewhat arbitrary. Researchers need to be aware of this issue and use appropriate caution in data analysis and interpretation, particularly for analyses that are sensitive to the way in which high values have been imputed (23) (24) (25) (26) . The uncertainty introduced by the imputed values should be recognized.
In the CDC growth chart data, percentiles of BMI-for-age beyond the 97th percentile cannot be well estimated because of sample size limitations and nonnormality of the data in the tails, even after transformations. Extrapolation from the CDC-supplied LMS parameters does not correspond well to empirical values of the 99th percentile. For many practical applications, expressing high BMI values as a percentage of the 95th percentile can provide a flexible approach to tracking and evaluating heavier children that obviates the need for the use of imputed z score values above the 97th percentile.
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